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IAS Eft CALIBRATION APPARATUS 

1 1 

The present invention relates to /optical apparatus for 
measuring deviations of a trajectory from 3- straight 
line. More particularly, the 'invention' ;relates to 
optical apparatus for measuring deviations of a 
trajectory from «. straight line in 'the . movement of a 
first machine component relative to 1 , a secop4 machine 
component. The machine components may be 'parte of a 
coordinate positioning apparatus 'which may comprise, 
for example, a machine tool or a coordinate measuring 
machine. ' [ * ' 

Deviations in the movement of ,a machine component as it 
moves along a trajectory generally involve rotation of 
the component about one or more axek of t the 1 machine, 
usually referred to as the X,Y and Z axes; and axe 
referred to as pitch, roll and yaw errors. There are 
also errors in straightness of th,e movement which 
involve lateral deviations of the* mafchirie domponent 
from the main movement axis. ■ • • , ' 

The present invention provides^ ajiparatus for measuring 
deviation of a trajectory from a straight line in the 
movement of a first body with tesp^et to a second body 
comprising: v ' 

a transmitter unit mounted on one of 'the- first and 
second bodies; ' 

an optic unit mounted on the other ; o£ the f ix-st 
and second bodies ; [ 

wherein the transmitter unit; directs a -plurality 
of light beams towards the optic unit suci> that two or 
more light beams are received within the optic* unit; 

wherein one o£ the transmitter, unit* , and the optic 
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unit is provided with two or more detectors ,fco detect 
the light beams transmitted to of reflected from the 
optic unit,- 

* 

and wherein the position of the, light beams on the 
5 detectors is used to calculate' tl*e deviation of a 

trajectory from a straight line of one of *the first and 
second bodies with respect to the other of the fir at 
and second bodies in at least one degree of x freedom. 

10 Preferably the position of the returning -light beams on 
the detectors is used to calculate the deviation of a 
trajectory from a straight link of one of the first and 
second bodies with respect to the other of tihe first 
and second bodies in five degrees of freedom. 

15 O / 

Preferably the five degrees of' freedom, are pitch/ yaw, 
roll and straightness along two axes* perpendicular to 

the axis of movement of t'he first or second b6dy. 

* «. » 

* * 1 

2 0 Preferably the plurality of light beacte .dire'eted 

towards the optic unit are substantially 'parallel. 

« * t 

\ 1 

Preferably the optic unit is provided iwith two or more 
optical elements each to reflect the' reerpeSctSive two or 
25 more light beams towards the transmitter -unit / and 

1 1 « v 

wherein the transmitter unit is provided Wit*li<the two 
or more detectors to detect the light 'beams reflected 
from the optic unit • 

1 * 

30 In a preferred embodiment, the optic uoit is provided 
with three optical elements each to 'reflect tfrree 
respective l,ight beams towards thus transmitter unit ; 
and wherein the transmitter unit is '.provided vith three 
detectors to detect the three light beams reflected 
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from the optic unit. * 

Preferably the optical elements in the optic unit 
comprise retroref lectors . Two of the retroref'lectors 
5 are positioned side-by- side in the optic unit e*nd the 
third retroreflector is positioned, behind one of the 
first and second retroref lectors , Preferably the third 
retroref lector is conceptually behind bne* of the first 
and second retroreflector* . A mirror inay- be provided 
10 to fold the light beam directed to, the third, 
retroreflector in order to place the thirpd 
retroreflector in a more convenient positipn/ , 

Preferably the detectors cornprise .two-ddmfensional 
15 arrays of pixels. The detectors may comprise/ for 

example, CMOS sensors, charge -coupled devices (CCDs) or 
charge- inject ion devices (C1D) K 



Preferably the optic unit is' mounted oj% a v mbvatjle body. 
20 Hie optic unit preferably hae no t*ailijig Ifeads which 
could cause unwanted movement and affect [ the', accuracy . 

Preferably the light beams are .transmitted' from at 
least one coherent light source/ wherein thgs light 
25 beams are intensity modulated to reduce thpir coherence 
length. 1 ' ' . 

tfhe light beams are intensity modulated 1 to cause 
frequency variation which reduces the coherence pattern 
30 of the detected beams * : , . . 

Preferably the light beams are intensity* modulated by 
turning the at least, one light soiirce on and off. 



P. 05 



» \ * 
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Preferably the apparatus also include^, linear 
displacement measuring apparatus, such* as' &ri % 
interferometer* This may comprise a light source in 
che Transmitter unit to produce a li,ght beam* which ia 
5 directed to the optic unit, a retroref lector in the 
optic unit to reflect the light beam . towards the 
transmitter unit, and a fourth detector* in, the 

transmitter unit to detect the .returning; light beam, 

» * 

10 Embodiments of the invention will now.be described by 
way of example and with reference - td the ■ accompanying 
drawings in which; 

Fig l ia a schematic representation Pf' the 

i * * * 

measuring device mounted on a coordinate* measuring 
15 machine; ^ 

Pig 2 is a plan view of the optickl compc^ents in 
the transmitter unit and the optic unit;" 

Pig 3 is a perspective view of the- optical 
components in both 'the transmitter unit and the optic 
20 „ unit; 

Fig 4 is a plan view of a linear displacement 
measuring device in the transmitter 4iiit % and' the optic 
unit; 

Pig 5 is a plan view of a first ,al,fcefchative 

25 arrangement of the retroref lectors in the ppjbic unit; 

« * 

Fig 6 is a plan view of a second alternative 
arrangement of the retroref lectors in the optic unit; 
and % ; . . % 

Fig 7 is a plan view of transmitter; unit and the 
30 optic unit according to a second embodiment of the 
invention* 

Fig 1 shows the calibration apparatus mounted on a 
coordinate measuring machine (dMM) . A transmitter unit 
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10 is mounted on the machine table 14 \o£ the CMM. As 
described in our International Patent Application 
WO02/04890 the base 18 of the transmitter unit 10 and a 
-base unit 2 0 mounted on the machine tabl.e 14 are 
5 provided with complementary parts of a 'Iciileroatic 

support; 22 which enable the transmitter 'unit 10 to be 
accurately aligned along any of the'X/Y/Z, -3p and -Y 
axes of the CMM or along any other desirQd* direction. 
An optic unit 12 is mounted on the quill '15 of the CMM. 

10 As also described in international Patent Application 
No. WO02/04890, the transmitter unit' £0 and 'the optic 
unit 12 have complementary part© of \k <Jc£ne'ip3tic support 
24A, 24B such that when they are brought 1 into .contact 
with each other r they become accurately -aligned with 

15 one another- t * 

* * » * 

The transmitter unit 10 is thus mounted osi the Tnachine 
table 14 and aligned with one of tjie X,Y,Z f ,-X or ~Y 
axes of the machine or any other deeitf&d direction. 
20 The optic unit 12 is aligned w-Lth -the ^transmitter unit 

10 and is mounted on the quill 16 of the machine. The 

• , * 

optic unit 12 and quill IS are rtioved aldn£ a 'path in 
the direction to which the transnti_tt£r uinit'lo'ig 
aligned. The apparatus may then be used to .measure the 

25 distance of the optic unit 12 from the * transmitter unit 

* * t 

10 and to measure deviations in the movement , of the 

optic unit 12 during its movement along ,this path. 

* » 

r 

, i 

* ( 

Figs 2-4 show the arrangements of* the *op;tical elements 
3 0 within the transmitter unit 10 and tfce .optid unit 12 . 
A firpt group of optical elements 26-40 are used as a 
linear displacement measuring device , 'fc>r example an 
interferometer, to measure the distance of the optic 
unit from the transmitter unit, Th^se are 'omitted from 



t • /V' 

» * 

'I 



^-JUL-2002 105 58 FROM RENISHALJ PLC TO 901633814444 



P. 08 



i « * * 

Figs 2 and 3 for clarity but are shown separately in 
Fig 4- Although one particular type of interf urometer 
will be described this may be replaced^ by any .other 
suitable type of linear displacement measuqrijxg 
5 apparatus. The interferometer apparatus poinprieee a 
light source 26 in the tranetrdtter unit 10. which 
produces a light beam 28. A beam*' splitter 3D splits 
the beam 2* and sends a first bea\n- 32 towards a first 
retroref lector 36 in the optic -unit 12 'and! a second 
10 bfeam 34 towards a second retroref ieqtor 38,' in the 

transmitter unit 10. Both beams 32, 3& are reflected 
by their respective retroref lectors 3€ : , 3B back to the 
beamsplitter 30 and on to the detection unit] 40. This 
interferometer is described in more derail in European 

15 patent EP 0668483. , : 

i ' * ' 
i 

Referring to Figs 2 and 3, three light sources 
42A,42B.42C project three parallel light' beams 44,46,48 
from the transmitter unit 10 to the optic unit 12. The 
20 three light sources may comprise, ■ for e;xample,. three 
optical fibre ends in a known manner. Alternatively a 
single light source may be used which produces three 

parallel light beams by using optics su'ch as* beams 

< * 

splitters and mirrors. 
25 ; 

• The optic unit 12 is provided with three' spaced 
retroref lectors 62 , 64 , 66 . The refcrcfcref lectors- ,62 , 64 , 66 
reflect the beams 44,46/48 back towards three detectors 
68 , 70 , 72 located within the transmitter unit %0 . These 
3 0 detectors 68,70,72 may comprise CMOS sensors which 

comprise two-dimensional arrays ,of pixels allowing the 
pdsition of a light beam on the detector ta be 
measured. Alternatively a charge -cdupipft device (CCD) 
may also be used in place af the CMOS sfensosr. 
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Other detectors allowing the position ',o£ tlhe light beam 
to be determined may also be used;,, for e&ample, charge- 
injection devices (CIS) . quad cel;l phofcodiodek or 
positional signal detectors. In particular positional 
signal detectors , which use the voltage .difference 
between opposite sides of the detector to indicates the 
position of the incident light beam/ may be' turned to 
work at a particular frequency and may thus 'be tuned to 
eliminate room lighting effects by tuning it to a 
higher or lower frequency than the room : lighting . 



As the optic unit 12 moves along it's^ path, th£ 
positions of the returning light beam^ 44 ,,46; 48 on the 
detectors 68,70/72 will change, due to . deviations in 
15 the movement of the optic unit' 12 from, this , path. The 

use of three retroref lectors 62,64,66 with images 

* » 

laterally displaced with respect to each ot;her enables 
two straightnesses and pitch, roll and yaw to be 
deduced of the optic unit. . \ 

20 

In this example, the motion of the optiq unit?! is along 
the X axis of the machine, as illustrated in Pig 2. 
Retroref lectors 62 and 64 are located in \ the optic unit 
12 spaced in the Y direction. Th^e straightness of the 

25 axis of motion (X axis) of the, optic ilni't ±a half the 
mean displacement Of the changfe in position of the ' 
light beams 44,46 on detectors, 6S,7Q in -the , direction 
of the axes perpendicular to the directions of motion 
(i,e- Y and Z axes in this case). If, as described 

3 0 below, the detectors are located in the optic unit 12 
then the straightness of the axis of motion .of the 
optic unit is the mean displacement of th^ change in 
position of the light beams 44,46 on the detectors 
68,70 in the direction of the axea perpendicular to the 
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directions of motion * 

« * ■ 

If the three light beams 44,45,45 directed t towards the 
optic unit 12 are not parallel, a correction Trtust be 
5 applied to the detector outputs to correct for this 
error. If the beams 44,46 r 48 aiV mis- aligned, the 
measurement is corrected from calibration of' the two 
unite 10,12. 

t i 

10 The roll of the optic unit 15 is measured by the 

differential displacement in the Z direction between 
these same two beams 44,46 on their respective 
detectors 68,70. 

15 The third retroref lector 66 enables 'the pitch and yaw 
of the optic unit 12 to be measured. ^ tChis 1 third 
retroreflector 66 in placed conceptually' bph;ind one* of 
the fiprat and second retroref lectors .62,64 in the optic 
unit 12 . In this example, the third retroreflector 66 

2 0 is placed vertically above the first or second 
retroreflector. This is achieved by^ vertically 

displacing one of the output beams 4,6 from the 

« 

transmitter unit 10 and placing a mirrfcr' 54 above one 
of the retroref lectors 62 to direct the« beam 1 48 towards 
25 the retroreflector 66 placed above the' other 

retroreflector 64. Pitch and yaw are me^surec^ by the 
differential displacement on detectors; .68', 72 v between 
the two beams 44, 48 in the Z and X directions . 
respectively* * % ! 1 



Alternatively,, the third retroref lector 1 rn^y be actually 
located behind the second retroreflector-. Rig 5 shows 
such an arrangement in which a large third* 16*6 
retroreflector is positioned behind a sma^ll ; .second 
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retroref lector 162. The outgoing 1 1 ight bes>ms 144 , 14B 
are arranged such that the beah 14 8 ' directed towards 
the large third retroref lector 166 is;nQt intercepted 
try the small second retroref lector 162. However this 
5 arrangement has the disadvantage thafc.it adds' extra 
volume to the optic unit 12 . . » 

Another arrangement of the second ap4 third 
retroref lectors As shown in Fig 6 in which the third 

10 retroref lector 266 is located behind the second 

retroref lector 262. The second reflector 2 62 has a 
beam splitter surface 261 and p'risms 263 located on its 
rear surface to' allow some light 'to paser through it to 
the third retroref lector 266 whilst- reflecting some 

15 light itself. This arrangement has * trie 'disadvantage 
that it ia relatively expensive, adds volume 'to the 
optic unit and some light 265 is .lost -perpendicular to 
the outgoing and incoming beams. 



20 . The first arrangement shown in Figs • 2 and .3^ in which 
the third retroref lector ia conceptually behind the 
second retroref lector introduces crpss coupling to the 
system as the light beams directed to : the * second and 
third retroref lectors are angled to one « another. This 

25 arrangement is advantageous as it is a more compact 
design, saving volume in the optic unit 

In order to accurately determine the oentaf-e of the 
optical beams 44 r 46,4B on theijr zfeispeative detectors 
30 58,70,72, the beams are required ^to have minimal stray 
reflection components. However in p?ractiqe it is 
difficult to remove the interference patterns, caused by 
the oollimating lenses and rettpref lectors . To reduce 
these effects an incoherent light 'source is * Required, 



mm 
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however it is difficult to collimate an incoherent 
light source to the required level of fch^ apparatus , 
This problem is solved by using a- coherent I'ight source 
which is intensity modulated over time to cause 
5 frequency variation. The relevant time interval for 
the intensity modulation* is the exposure time ,f or a 
given pi^cel in the detector- 1 * 

•There is a minimum exposure time for a given pixel in 
10 the detector. For example, if the exposure time for a 
given pixel is 10 M s and the intensity is measured to an 
accuracy of within 1%, then without locking' ti*e 
exposure time to the intensity modulation signal, the 
light source may be modulated to greater than ;L0MHz to 
15 have the desired effect . , 

The coherent light soufce may be intensity modulated by 
other means. For example, the light, may 4 be passed 
through an optical fibre which is -wound around' a 
20 piezoelectric material, Pulsing the piezoelectric 

material causes its diameter to change; ' resulting in 
variation in the optical length -of the. optical' fibre 
and hence modulation of the light 'beam thus reducing 
its coherence length, * 4 « 

25 , 

Room lighting has been found to have an effect on the 
detection of the beam centres incident on the - 
detectors. In order to remove 'this eff'eet the .image 
capture period of the detectors needs to' be : 
3 0 synchronised to the room, lighting, i.e. to 'mains 

frequency, in addition, to remove 'the effect of room 
lighting two images are required, 'one with the return 
beam present and one without. The difference between 
the two images is used to calculate the centroid. 
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This apparatus has the advantage that all sd^x, degrees 
of freedom may be measured simultaneously „ 

Furthermore, in the preferred embodiment , the, optic 
5 unit contains only optical elements i.e* * % ; 
retroref lectors and mirrors. 'This fensures that 
measurements are not affected ^y dragging /cables eto, 
affecting the movement of the optic -unit which ia 
mounted on a moving machine component ; In this 

10 apparatus the detectors and light spurces. to which 

trailing leads are associated are all t located' in the 
transmitter unit which is mounted on a fixed machine 
component, tthere the coordinate positioning apparatus 
is a machine tool, the? optic unit may be mounted on the 

15 spindle and the transmitter unit may be \moxmted on the 

machine bed. The machine bed is very big and heavy 

• *■ * * 

which results in the trailing pleads on . the transmitter 
unit having very little affect on tfie ..movement of the 
transmitter unit. Conversely trailing l^eads on the 
20 optic unit which is mounted on the spindle would affect 
its movement and thus the accuracy of 'the system. 

The invention is not limited to the eTpbddiment in which 
the optic unit contains only optical element* Pig 7 

25 shows an embodiment in which the detectors* 68,70,72 are 
located in the optic unit 12 . * However this embodiment 
has the disadvantage that both units have 'trailing 
leads (i.e, leads to the light sourge ixi the 
transmitter unit and to the detectors in the optic 

3 0 unit) . These trailing leads may effect , the • accuracy of 

the system. t f 

# » i » * * 

e 

An advantage of the present invention is that' it is not 
limited to taking measurements when both units are 
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stationary. Such a stepwise method of moving the optic 
unit to a new position* taking the measurement when 
stationary, and then repeating at a new position is not 
time effective* The current invention allows images to 
be taken whilst the optic unit is in motion. 



10 



The detectors require time to detect the image , to 
allow the image to be processed and a signal , created. 
The images detected whilst the- optic unit * is in motion 
will be blurred. These images are averaged ov<sr the 
distance moved by the optic unit. 



15 



The resulting signals from the* detefctorg will.be noisy- 
This is overcome by parametrically fitting the data. 
For example the straightness reading s x may. be -fitted 
to a quadratic curve , as illustrated below. 



a + by + as 2 



20 



Time -averaging is not required* for the readings taken 
by the interferometer as this already takes 'readings to 
nanometric precision . 



Although in a preferred embodiment three detectors and 
25 three parallel beams are required tb detect deviations 
in all five degrees of freedom, only two detectors and 
two parallel beams are required in the apparatus to 
detect deviations in any one degree of freedom. 
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